Exposure of live cells to shear flow induces major changes in cell shape, adhesion to the extracellular matrix, and migration. In the present study, we show that exposure of cultured multiple myeloma (MM) cells to shear flow of 4-36 dynes/cm 2 triggers the extension of long tubular protrusions (denoted flow-induced protrusions, or FLIPs) in the direction of the flow. These FLIPs were found to be rich in actin, contain few or no microtubules and, apart from endoplasmic reticulum (ER)-like membranal structures, are devoid of organelles. Studying the dynamics of this process revealed that FLIPs elongate at their tips in a shear force-dependent manner, and retract at their bases. Examination of this force dependence revealed considerable heterogeneity in the mechanosensitivity of individual cells, most likely reflecting the diversity of the malignant B cell population. The mechanisms underlying FLIP formation following mechanical perturbation, and their relevance to the cellular trafficking of MM cells, are discussed.
Living cells are highly sensitive to external cues, delivered to them via the surrounding environment, including the chemical nature of the extracellular matrix (ECM) and its physical properties (Juliano, 1996; Discher et al., 2009; Heino and Kapyla, 2009 ). Recent studies have indicated that cells are capable of sensing multiple features of such external surfaces, including their rigidity (Discher et al., 2005; Engler et al., 2006; Moore et al., 2010) , micro-topography (Curtis and Riehle, 2001; Spatz and Geiger, 2007; Geblinger et al., 2010) , anisotropy (Thery et al., 2006) , dimensionality (Cukierman et al., 2001; Doyle et al., 2009) , and mechanical activity (Bershadsky et al., 2003; Vogel and Sheetz, 2006; Chen, 2008) . These stimulations can activate a wide variety of global cellular responses, such as regulation of cell proliferation, differentiation, and survival (Nelson et al., 2005; Kurpinski et al., 2006; Vogel and Sheetz, 2006) , as well as local responses, manifested by alterations in cell shape and polarization (Chen et al., 1997; Vogel and Sheetz, 2006) , directional migration (Friedl and Wolf, 2010; Van Goethem et al., 2010) , and reorganization of ECM adhesions Zaidel-Bar et al., 2004; Fouchard et al., 2011; Papusheva and Heisenberg, 2010) .
A vast body of knowledge on cellular mechanosensitivity has accumulated by tracking cell behavior during exposure to shear flow. Thus, exposure of endothelial cells to shear forces of 5-15 dynes/cm 2 affects cell morphology, lamellipodial protrusions, and cell migration (Dewey et al., 1981; Masuda and Fujiwara, 1993; Galbraith et al., 1998; Wojciak-Stothard and Ridley, 2003; Zaidel-Bar et al., 2005) . Leukocytes subjected to shear flow undergo major morphological changes, transforming from a spheroid shape in the circulation into a flat, adherent form on the endothelium, and then into an amoeboid morphology while migrating within the target tissues (Dong et al., 1999; Cinamon et al., 2001; Simon and Goldsmith, 2002; Alon and Dustin, 2007; Stroka and Aranda-Espinoza, 2010) .
These and additional studies, demonstrating the effects of shear stress on cells, raised the possibility that cellular mechanosensitivity might particularly affect the trafficking of multiple myeloma (MM) cells, a malignancy of terminally differentiated B cells (Kyle and Rajkumar, 2004; Ludwig et al., 2010) . MM cells undergo complex differentiation and selection processes in secondary lymphoid organs. Currently, the primary transforming events leading to the development of MM are unclear; yet the transformed plasma cells can evolve into several types of malignant disease, designated plasma cell dyscrasias (Sher et al., 2010) . One of the primary differences between the various types of plasma cell dyscrasia is their pathological presentation, which is affected by the tissue organization of the cells. On one hand, solitary plasmacytomas are characterized by the localized, dense (often extramedullary) outgrowth of plasma cells, in a manner similar to metastases originating in solid tumors. On the other hand, plasma cell leukemia is characterized by the continuous presence of malignant plasma cells in the circulation, as well as in the bone marrow (BM), as seen in different types of acute leukemias (e.g., AML, ALL). In contrast, the vast majority of patients with plasma cell dyscrasias are diagnosed with MM, which is considered a systemic disease (Kumar, 2010) . MM is characterized by the restricted growth of malignant plasma cells in the BM, but typically involves multiple growth lesions in patients. This unique dissemination pattern most likely involves the exit of MM cells from the BM niche, where they initially evolve, into the circulation, followed by their homing back to the BM (Van Camp and Van Riet, 1998; Vande Broek et al., 2008) . During this process, the cells move from a low-shear environment (in the BM) to one of high shear (the bloodstream), and back to the BM. The possible consequences of these radical transitions are intriguing.
To investigate the response of MM cells to changes in shear flow, we microscopically monitored the shape and behavior of several MM cell lines, following exposure to shear stress. We found that shear stress of >4 dynes/cm 2 induces cell alignment, and the extension of long tubular protrusions, which we named flow-induced protrusions (FLIPs). Time-lapse monitoring of FLIP extension indicated that the number of FLIP-forming cells, and the average delay between application of flow and the onset of FLIP extension, are proportional to the degree of shear stress. We further show that FLIPs elongate at their tips and retract at their bases, displaying a net growth rate of about 5 mm/min. Long-term exposure to relatively high (>20 dynes/ cm 2 ) shear forces attenuated FLIP extension. The mechanisms underlying FLIP formation, and their possible physiological roles, are discussed.
Materials and Methods

Chemicals and reagents
Fibronectin, Triton X-100, anti-a-tubulin antibodies, and phalloidin-FITC were purchased from Sigma (St. Louis, MO). Streptomycin, penicillin, and glutamine were purchased from Biological Industries (Kibbutz Beit Haemek, Israel). Fetal bovine serum was purchased from Hyclone (South Logan, UT). The fluorescent dye carboxyfluorescein succinimidyl ester (CFSE) was purchased from Molecular Probes (Invitrogen, Carlsbad, CA). RPMI medium was purchased from Gibco (Carlsbad, CA). Tissue culture plates were purchased from Corning (Acton, MA).
Cell cultures
The ARH-77, EBV-transformed plasma cell line was kindly provided by Hanna Ben-Bassat (Hadassah Medical School, Jerusalem, Israel) (Gooding et al., 1999; Nadav et al., 2006) . The MM cell lines RPMI 8226 and CAG were received from M. Lischner (Meir Medical Center, Kfar Saba, Israel). Unless otherwise stated, cells were cultured in RPMI medium supplemented with 2 mM glutamine, 50 mg/ml streptomycin, 50 U/ml penicillin, and 20% heatinactivated bovine serum at 378C in a humidified incubator, in an atmosphere of 5% CO 2 and 95% air.
Production and maintenance of adhesive subpopulations of ARH-77 cells
The adhesive (type A) and nonadhesive (type F) subpopulations of the ARH-77 cell line were produced, as previously described (Nadav et al., 2006) . Briefly, ARH-77 cells were plated on fibronectin-coated (15 mg/ml) tissue culture plates. Cells were left to adhere for 2-3 days; adherent and nonadherent cells were then separated, and replated onto new fibronectin-coated plates. The same process was repeated twice a week for 6 weeks, until two phenotypes-one stable, highly adhesive and the other, stable, poorly adhesive-were established. The two subpopulations were routinely maintained on fibronectin-coated plates, to preserve the unique characteristics of each subline.
Flow chamber apparatus
A parallel plate flow chamber (GlycoTech, Rockville, MD) was assembled according to the manufacturer's instructions, and fixed to the microscope stage using a custom-made Perspex holder (see Supplementary Diagram 1 ). An upper reservoir containing 50 ml of serum-free medium was connected by a tube to the chamber, which was drained into a lower reservoir. The height difference between the reservoirs created a gravity-driven flow from the upper to the lower reservoir through the flow chamber. A peristaltic pump (Minipuls 3; Gilson, Middleton, WI) was used for pumping medium from a large reservoir containing 400 ml of warm medium, to the upper reservoir, to maintain a constant level of medium. For the flow experiments, 1.25 Â 10 6 ARH-77 type A cells were plated on 35 mm round number 1 coverslips (Marienfeld Laboratory Glassware, Lauda-konigshofen, Germany). After the indicated incubation time, the coverslip was inserted into the flow chamber. The flow rate was controlled by changing the height difference between the two reservoirs, and the shear stress, t, was calculated (in dynes/cm 2 ) from the measured volumetric flow rate (Q; ml/sec), using the equation t ¼ 6hQ/a 2 b, where h is the apparent viscosity of the medium (taken to be 0.76 cP); a, channel height (0.025 cm); and b, channel width (0.5 cm). The flow medium was RPMI1640 without addition of serum; the pH and temperature were controlled and monitored. A constant temperature of 378C was maintained by placing the chamber in a 378C temperaturecontrolled box with a liquid heater inside. A custom-made bubble trap was added to assure smooth medium flow, and a special valve was installed at the entry point of the chamber, to enable the rapid introduction of chemical fixatives while maintaining a constant shear flow.
Transmission electron microscopy of cell cultures
Cells were subjected to flow (as indicated) for 20 min, and then fixed for 5 min, under flow, in Karnovsky fixative (2% gluteraldehyde, 3% paraformaldehyde, and 3% sucrose, in 0.1 M cacodylate buffer, pH 7.2). They were then fixed in the same fixative for 2.5 h without flow at room temperature, washed four times in 0.1 M cacodylate buffer, and kept at 48C until further processing. Cells were post-fixed with 1% OsO 4 , 0.5% K 2 Cr 2 O 7 , 0.5% K 4 [Fe(CN) 6 ]Á3H 2 O, 3% sucrose in 0.1 M cacodylate buffer for 2 h at room temperature, and washed twice with 0.1 M cacodylate buffer, 3% sucrose, and three times with double distilled water (DDW). Cells were then stained with 2% uranyl acetate for 1 h, washed with DDW, dehydrated in ethanol, and embedded in Epon-EMBED 812 (EMS, Hatfield, PA). The Epon blocks were then rough-cut into small pieces, aligned according to the flow direction, and re-embedded. Finally, frontal 70-100 nm ultra-thin sections were cut with a Leica ultracat UCT ultramicrotome, and analyzed in a C-12 FEI electron microscope; images were taken with an Eagle 2k Â 2k CCD camera.
Scanning electron microscopy
Cells were seeded, fixed and washed on 12 mm round glass coverslips as described above, dehydrated in ethanol, and critical point-dried with a Baltek CPD 030 apparatus (Baltek, Northvale, NJ). The coverslips were then sputtered with gold (Sputter Coater, S150 Edwards, Crawley, UK), and observed with a scanning electron microscope (SEM Ultra 55, Zeiss, Peabody, MA).
Immunostaining and fluorescence microscopy
Cells were simultaneously fixed and permeabilized under flow, with a mixture of 3% paraformaldehyde in PBS, 0.25% Triton X-100, and 0.2% glutaraldehyde, followed by an additional 20 min of incubation without flow. Prior to staining, cells were treated with $1 mM sodium borohydride in PBS, to reduce autofluorescence. After fixation, cells were washed with PBS and labeled for a-tubulin (1:500, DM1A, Sigma) and actin (phalloidin-FITC; 1:350, Sigma). The nucleus was stained with DAPI (1:2,000, Sigma). Fluorescence and phase-contrast images were acquired with a DeltaVision system (Applied Precision, Inc., Issaquah, WA) equipped with an Olympus IX71 inverted fluorescence microscope and a CCD camera (Cool SNAP HQ 2 , Photometrics, Tucson, AZ).
Time-lapse microscopy
To visualize the dynamic behavior of myeloma cells under flow, time-lapse microscopy was used. Suspended ARH-77 type A cells were washed in serum-free medium, stained with the cytoplasmatic fluorescent dye CFSE for 10 min, washed with growth medium, and then seeded and placed in the apparatus, as described above. Fluorescent and phase-contrast time-lapse movies of cells in the flow apparatus were acquired with 10Â/0.3, 20Â/0.5, or 40Â/0.75 objectives for varying lengths of time (10-120 min) at 10 or 12 sec intervals, as indicated.
Image analysis ''FLIP'' formation analysis. FLIP formation analysis was carried out in two steps: automatic cell segmentation, followed by FLIP manual identification. Fluorescent images of CFSE-loaded cells were pre-processed, using a high-pass filter to reduce noise, and a low-pass filter to correct for uneven illumination. Segmentation and creation of binary cell masks were based on seeded watershed (Zamir et al., 1999) . Object-by-object, multi-parametric datasets were saved for each image in separate files, enabling continuous tracking of individual cell parameters throughout the image sequence. User-controlled ranges (minimum to maximum) defined the objects to be included in the dataset and excluded outliers, such as wrongly tracked cells and multi-cell clusters.
Results
Induction of long tubular protrusions in cultured MM cells by shear flow
Exposure of cultured ARH-77 type A cells (the adhesive MM cell line), to a shear flow of 4-36 dynes/cm 2 , induces major changes in the shape of the treated cells, manifested by the extension of long, tubular protrusions (typically, 2 mm in diameter and $10-20 mm in length) in the direction of the flow ( Fig. 1B ; compare to the same cells prior to application of shear flow in Fig. 1A ; see also Supplementary Movie 1). Based on their shape and flow dependence, we termed these protrusions, ''FLIPs''. There was no major change in the cells' aspect ratios, yet in $75% of the cells exposed to the flow, the major axis was aligned parallel to the flow direction.
The formation of FLIPs was not exclusive to the ARH-77 cells, but was also observed in other adherent MM cell lines (e.g., CAG and RPMI8226; see Supplementary Fig. 1A-D) , and when plated on a cultured endothelial monolayer ( Supplementary Fig. 1E ). On the other hand, FLIP-like structures were not induced in a wide variety of other cell types (including HeLa, H1299, MDA-231, and RAW 264.7) following shear treatment, nor in stationary MM cells. Thus, this phenomenon appears to be flow-dependent, and cell-type specific.
Examination of shear-treated and untreated ARH-77 type A cells by scanning electron microscopy indicated that flow-induced cell polarization was manifested by the formation of a ''matrix anchoring zone'' at the edge of the cells facing the external flow (Fig. 2B ,C, arrowheads) and an accumulation of microvilli and filopodia at the cells' edge, pointing in the direction of flow. These membrane protrusions were dominated, in up to $40% of the cells, by one large FLIP (Fig. 2B-D) , connected to the cell body via a narrow ''neck.'' Transmission electron microscopy (TEM) of Epon sections, cut along or across FLIPs, indicated that these protrusions are largely devoid of cytoplasmic organelles (Fig. 3) , but highly enriched with sub-membrane microfilaments, which were most conspicuous at the neck of the FLIP (Fig. 3B1, arrowhead) . Occasionally, stacks of membrane inclusions, resembling endoplasmic reticulum (ER), were detected in the FLIPs' core (Fig. 3B2, arrowheads) . Notably, similar membrane arrays were prominent throughout the cytoplasm of MM cells, in both stationary and shear-stressed cultures (data not shown).
The cytoskeletal association with FLIPs in ARH-77 type A cells was further studied by 3D fluorescence microscopy examination of actin and tubulin. In stationary cells (Fig. 4 , parts A,B), the organization of actin relative to the major cell axis was apparently random; microtubules were highly enriched in the perinuclear area, with occasional microtubules extending into lamellar or filopodial protrusions. The microtubule organizing center in these cells was usually located above (''dorsal'' to) the nucleus, and showed no apparent spatial relationships to the lamellipodia or filopodia.
Upon application of shear flow (20 dynes/cm 2 for 10 min), a radical change in actin and tubulin organization was observed. This was manifested by reduction of lamellipodial and filopodial extensions, and formation of a single, F-actin-rich ''dominant'' FLIP. Staining with fluorescent phalloidin indicated that F-actin was primarily localized along the FLIP's membrane, in line with TEM observations. The microtubule system, on the other hand, became less organized following the application of shear flow, with only occasional intrusion of microtubules into the FLIP, and with no correlation between the orientation of the FLIP and the centrosome (Fig. 4, parts C,D) . Three-dimensional reconstruction (Supplementary Movie 2) of F-actin, microtubules, and nuclei in stationary and flow-treated cells, confirmed these observations, and indicated overall cell rounding following flow treatment, and a clear separation between the FLIP and the underlying substrate. Disruption of microtubules by nocodazole neither reduced nor enhanced FLIP formation (data not shown), supporting the notion that the integrity of the microtubular system is not essential for FLIP formation. The role of F-actin in FLIP formation could not be assessed, since drugs affecting actin polymerization or actomyosin contractility reduced cell adhesion to the substrate, and induced massive cell detachment upon exposure to flow of 4 dynes/cm 2 or higher.
Dynamics of FLIP extension and retraction
Temporal analysis based on live cell microscopy indicated that FLIPs elongate predominantly at their tips, similar to the protrusion of the leading edge of migrating cells (Mitchison and Cramer, 1996) . The formation and retraction of a single FLIP (both taking place under continuous shear stress of 20 dynes/ cm 2 ) is shown in Figure 5 and Supplementary Movie 3, and based on a representative 6-min movie. Examination of the location of fiduciary irregularities along the FLIP relative to the FLIP's tip or base, indicated that FLIP elongation involved two simultaneous, yet apparently conflicting processes: tip extension, and base retraction. Under flow, the rate of tip extension greatly exceeded that of base retraction, as indicated by the dashed line in Figure 5 . Within a timespan of 0-170 sec, the average tip extension rate was $7 mm/min, and the base retraction rate was $2 mm/min, resulting in an average elongation rate of about 5 mm/min. During the retraction phase (Fig. 5, 180-350 sec) , tip extension was completely arrested, while the base retraction persisted, and even accelerated (typically, $4 mm/min). Further experiments performed with other MM cell lines indicated that the elongation-retraction response to shear flow was nearly identical to that of ARH-77 cells. Thus, the average elongation rate for of FLIPs formed by CAG cells was 5.6 mm/min, and the retraction rate was 4.6 mm/min.
Force-and time dependence of FLIP formation
What is the mechanism underlying mechanical stimulation of FLIP formation? To gain insights into this process, fibronectinadherent ARH-77 MM type A cells were subjected for 40 min to different levels of shear stress, within the range of 4-36 dynes/ cm 2 ; the number of FLIP-forming cells was determined by time-lapse video microscopy. Specifically, we quantified the percentage of FLIP-bearing cells detected at different time points for each shear level, the cumulative percentage of cells that produced FLIPs throughout the incubation time, and the number of FLIP extension and retraction events.
Exposure of the cells to a shear flow of 4 dynes/cm 2 induced FLIP formation that reached a maximum value of 5% FLIP-bearing cells following 10-13 min of treatment; this value persisted for an additional 30 min (Fig. 6) . No FLIP formation was observed following exposure to forces lower than 4 dynes/ cm 2 . Treatment of cells with increasing shear levels (12, 20, 28, and 36 dynes/cm 2 ) resulted in a greater percentage of responding cells, up to 35-40%, and a narrower interval between application of shear force, and reaching that plateau (Fig. 6) . FLIPs formed more rapidly under conditions of stronger shear flow, as shown here for the first 2 min following application of force (Fig. 6, inset) . It is noteworthy that the cumulative percentage of cells that ever produced a FLIP in these experiments was significantly higher than that shown in Fig. 6 , reaching up to $60% under shear levels higher than 20 dynes/cm 2 . This finding suggests that the cell population we studied is heterogeneous in its responsiveness to mechanical stimulation (as manifested by FLIP formation). It is also noteworthy that cells treated with the highest shear levels (28 and 36 dynes/cm 2 ) reached maximum FLIP values within a few minutes, and then declined to about 15%, suggesting that long exposure to shear stress can suppress the mechanical responsiveness of the cells. Interestingly, analysis of FLIP extension and retraction events indicated that increased force facilitated FLIP extension, but had no impact on the frequency of FLIP retraction (Fig. 7) .
These results, illustrated in Figure 6 , indicate that individual MM cells differ in their mechanosensitivity, and that exposure to flow can eventually suppress force-induced FLIP formation. This suppression could, however, be attributed to either force-or time-dependent downregulation of FLIP formation. To distinguish between these possibilities, ARH-77 cells were subjected to a stepwise increase in shear stress, starting with 4 dynes/cm 2 , and followed by seven increments of 4 dynes/cm 2 each. The duration of each step varied from 1 to 8 min. The entire process, including FLIP formation, was continuously monitored microscopically.
The results presented in Figure 8 indicate that FLIP suppression is induced by shear flow, yet is highly dependent on the duration, rather than the force, of the shear. Thus, when the force was increased in 1-or 2-min increments, the percentage of FLIP-producing cells increased steadily until reaching the maximum level, in which $25% of the cells produced FLIPs (Fig. 8) . On the other hand, when the force was increased over a longer timespan, the percentage of FLIP-producing cells did not surpass 15%, supporting the notion that the duration of the exposure to flow plays a key role in the suppression process. These results are in agreement with the ''adaptation timeframe'' shown in Figure 6 , in which the FLIP-forming cells reach a value of $15% following long incubation periods under shear flow conditions, regardless of the force applied. This finding further indicates that the MM cells are heterogeneous, not only in their mechanosensitivity threshold, but also in their tendency to undergo long-term adaptation to the flow. It is interesting to note that despite showing a lower percentage of responding cells, the force response profile of the CAG cell line was very similar to the ARH-77 type A cells ( Supplementary  Fig. 4 ).
Single-cell variations in FLIP production reflect heterogeneous mechanosensitivity in the MM cell population
The experiments described above point up the complexity of the processes underlying the regulation of shear-induced FLIP formation, manifested by variable mechanical thresholds in different cells; and the control of FLIP dynamics, including the balance between FLIP extension and retraction, FLIP lifespan, time intervals between FLIP formation events, and shear-induced FLIP suppression. To gain insights into the inter-relationships between these diverse manifestations of the mechanical response, we performed single-cell analysis of FLIP formation and retraction under different levels of shear force. Examination of the FLIP lifespan upon exposure to varying degrees of force revealed that the cells can be roughly divided into two subpopulations (Fig. 9) : ''Fast-retracting'' cells that retain their FLIPs for up to 12 min ($60% of the cells), and ''slow-retracting'' cells displaying FLIPs that persist for 12-40 min ($40% of the cells). Interestingly, there were no significant differences in FLIP lifespan between cells exposed to different force levels ($5% in each duration category, 12-44 min).
Further examination of FLIP initiation time reveals that while at weaker forces (12-20 dynes/cm 2 ), FLIP formation shows a relatively even distribution over the experimental period, stronger forces (28-36 dynes/cm 2 ) induce a notable synchronization in FLIP appearance, shortly after exposure to the flow (Fig. 10) . This is demonstrated in the average FLIP initiation time, ranging from 2.68 min under 36 dynes/cm 2 , to 9 min under 12 dynes/cm 2 . Moreover, the ''fast retracting'' cells (shorter FLIP duration) also demonstrate less sensitivity to force, as more of these cells respond later to the force. Similarly, the ''slow retracting'' cells are more sensitive to the force applied, as more cells respond earlier (Fig. 10B ). This parameter defines the two subpopulations as ''fast retracting, less sensitive'' and ''slow retracting, highly sensitive'' cells.
Discussion
In this article, we describe a unique response of MM cells to mechanical perturbation, manifested in the formation of long tubular protrusions, which we termed FLIPs. The formation of FLIPs is a shear stress-induced process, which appears to be specific to MM cells exposed to such stress (shown here for three separate MM cell lines), and was not observed in any of the other adherent cell types tested, nor in MM cells in ARH-77 type A cells were exposed to shear flow as indicated, timelapse movies were taken, and FLIP formation was analyzed. At each time point, the numbers of FLIP formation and FLIP retraction events were counted. Shown here are the cumulative scores, indicated by the percentage of total numbers of FLIPs formed during 40 min of treatment for each force level. While higher levels of shear force increased the incidence of new FLIP formation, the FLIP retraction rate was not affected by changes in shear stress. Fig. 8 . FLIP suppression is induced by shear flow, yet is highly dependent on the duration, rather than the force, of the shear treatment. ARH-77 type A cells were placed inside the flow chamber. A shear force of 4 dynes/cm 2 was applied, and then increased in a stepwise fashion to 8, 12, 16, 20, 24, 28 , and 32 dynes/cm 2 (see inset for force change). Each force level was applied for variable lengths of time, ranging from 1 to 8 min for each force step. Time-lapse movies were then taken, and FLIP formation was scored. It appears that the duration of exposure to flow plays a major role in the suppression of FLIP formation, as longer flow times resulted in a decrease in FLIP formation events. stationary cultures. Notably, besides the formation of robust FLIPs, the MM cells stimulated by shear force underwent a major structural reorganization, manifested in their alignment in the direction of flow, and loss of filopodia and lamellipodia from the entire cell body.
Extracellular stimuli may induce membrane protrusions in various cell types, often associated with diverse cellular functions. For example, macrophages contact their targets by actively extending actin-rich protrusions, depending on Rac activity (Flannagan et al., 2010) ; fusion-competent myoblasts form multiple finger-like extensions which invade neighboring muscle founder cells during myoblast fusion in Drosophila (Sens et al., 2010) ; ECM and soluble factors (e.g., EGF) can induce filopodial and lamellipodial protrusions in various cell types (Hu et al., 2011; Mori et al., 2010) . While these serve as examples of membrane modification by extracellular biochemical signals, biophysical cues may also trigger the formation of membrane protrusions, including the extension of FLIPs, as described in the current study.
While FLIP formation is a novel phenomenon, cellular responses to shear flow have been documented in diverse cell types. It has been shown that endothelial cells subjected to near-physiological shear undergo uniform alignment (Dewey et al., 1981; Masuda and Fujiwara, 1993; Galbraith et al., 1998) , and directional migration and lamellipodial extension in the direction of flow (Dewey et al., 1981; Wojciak-Stothard and Ridley, 2003; Zaidel-Bar et al., 2005) . Hematopoietic cells, which reside, at least transiently, in high-shear vascular environments, respond to flow in a variety of ways. T cells undergo dynamic shape changes during transendothelial migration, including tethering and rolling along the endothelial surfaces, firm attachment to the underlying cells, spreading on them, and trans-migration through the endothelial cell layer (Dong et al., 1999; Alon and Dustin, 2007; Stroka and Aranda-Espinoza, 2010) . Platelets also go through several shape changes, including transition from a round morphology, forming multiple elongated extensions during the adhesive process under flow (Kuwahara et al., 2002) . In addition, flow-induced effects were seen in other cell types, such as rolling of human bone-metastatic prostate tumor cells on endothelial cells (Dimitroff et al., 2004) ; transendothelial migration of melanoma cells (Slattery and Dong, 2003) ; increased adhesion and spreading in colon cancer cells (Kitayama et al., 1999; Burdick et al., 2003) ; and elongation and reorientation in osteoblasts (Liu et al., 2010) . In all these cases (as well as in the present work), the response to shear flow was apparent, yet the exact cellular site where the mechanical perturbation is being sensed (e.g., dorsal cell surface, adhesion sites to the matrix) remains unclear (Cao et al., 1998; Bershadsky et al., 2003; Chen, 2008) .
Similar to these shear-dependent processes, FLIP formation appears to be an active process, triggered by external force and driven by the cytoskeleton. This notion is supported by the abundance of actin filaments in the FLIP, and its tendency to undergo extension-retraction cycles under constant shear.
An interesting feature of FLIPs is the tight correlation between the amount of force applied, and both the number of FLIP-forming cells (ranging from $5% under 4 dynes/cm 2 , to $35% under 28-36 dynes/cm 2 ) and the time interval between the application of force, and the average onset of FLIP extension (9 min for 12 dynes/cm 2 , and 2.68 min for 36 dynes/cm 2 ). Time-lapse monitoring of the affected cells confirmed that different cells within the MM cell population exhibit different mechanosensing thresholds, affecting the extent and rates of FLIP formation. This increase in the number of FLIPs under strong shear is attributed to an increase in the numbers of mechano-responsive cells, while the rates of FLIP retraction, and the average lifespan of the FLIPs, remained unchanged under different levels of shear stimulation (Fig. 7 ).
An additional characteristic feature of the response of the cells to high-shear stimulation is the apparent adaptation of the cells to the flow, manifested in a decrease in the number of FLIP-forming cells, following lengthy exposure (about 30 min) to the flow. This finding indicates that shear-induced FLIP formation can be down-regulated by the cells, possibly by modulation of the mechanical threshold levels.
Single-cell analysis further demonstrated the heterogeneity of the cellular response to force. Increased shear forces resulted in earlier and more homogenous FLIP onset times, while under weaker forces, FLIP onset was more variable. Furthermore, the cell population could be roughly divided into two subpopulations, based upon FLIP onset and duration time: a shorter FLIP lifetime was correlated with lower sensitivity to force, as more of these cells responded later to its application, while cells demonstrating longer FLIP lifetimes responded more quickly (Fig. 10B) . It is possible that variations in sensitivity to force reflect different potential adhesion sites in different cells, corresponding to the various forces encountered in their path and, in that manner, enabling each of the cells' subpopulations to adhere or extravasate at diverse locations.
The studies described above reveal the intriguing biophysical characteristics of FLIP formation, retraction, and long-term regulation; yet the physiological relevance of this structure remains elusive. In this work, we have considered several potential processes relevant to MM cell physiology that could, potentially, be relevant to FLIP formation. MM cells develop in the BM; yet they are capable of exiting the BM via the vascular system, and then homing back to BM niches throughout the body (Van Camp and Van Riet, 1998; Vande Broek et al., 2008) . Thus, the process of disease dissemination includes obligatory intravasation and extravasation events, which involve major transitions in the hydrodynamic characteristics of the cellular environment. These include a transition from the relatively sessile BM niche, to the BM vasculature, to a high-shear environment in the major blood vessels, ranging from 1-10 dynes/cm 2 in venules, to 60 dynes/cm 2 and more in arterioles (Slack and Turitto, 1993) . It is noteworthy that this range of shear forces is within the range that was found here to trigger FLIP formation in different populations of MM cells. Interestingly, despite showing migratory capabilities in stationary cultures, ARH-77 type A cells did not appear to migrate during exposure to flow, regardless of FLIP formation or retraction. The extravasation step appears to be the most challenging one, requiring firm adhesion of the cells to the vessel wall (to withstand the shear drag forces), and migration through it. One attractive possibility that we considered was that the FLIPs produced might be instrumental in triggering a transendothelial migration process. To test this possibility, we exposed a monolayer of endothelial cells with ARH-77 cells attached to it, to shear flow, and monitored the fate and dynamics of the attached cells. As shown in Supplementary  Figure 1 , above, we could detect FLIP formation in such stressed, mixed cultures, as well as penetration of the MM cells into the gap between the endothelial cells and the substrate; however, we found no evidence that this transendothelial migration was particularly enhanced in FLIP-forming cells, nor that shear flow affected this process. Another hypothesis is that FLIP formation might decrease cellular resistance to flow and thus reduce the drag forces acting on the cells, thereby increasing their retention on the vessel wall. A rough calculation of the expected flow resistance suggested that a hemispherical MM cell, covered by multiple filopodial and lamellopodial protrusions and typically several micrometers in length (as in cells residing in a stationary environment), is subjected to severalfold-higher drag forces, compared to an aligned FLIPforming cell of the same volume. Given that MM cells display a wide range of ''mechanosensitivity thresholds,'' it appears possible that different cells might preferentially form FLIPs, and develop more stable adhesions with blood vessels exposed to distinct levels of shear stress.
In recent years, it was established that the microenvironment plays a critical role in the development of B cell malignancies. Most studies in the field point to interactions between MM cells and cellular constituents of the microenvironment (e.g., osteoclasts, mesenchymal stromal cells) as key factors controlling the survival and proliferation of the transformed cells. Moreover, some clinical manifestations of the disease are facilitated by physical MM-microenvironment interactions; for example, the generation of lytic bone lesions by MM-osteoclast co-aggregates (Terpos et al., 2009) , and the stimulation of SDF1/CXCR4-mediated cell migration (Zhang et al., 2009; Katz, 2010) .
Shear stress is undoubtedly an important constituent of the microenvironment of migrating MM cells; yet no information is available with respect to its effect on these cells. Here we show, for the first time, that some MM cells are equipped with mechanism(s) to sense and respond to forces exerted by microenvironmental shear stress. Moreover, we found that different variables of the shear flow, including a wide range of forces and duration of the flow, are within the ''detection capabilities'' of these cells. Finally, the data described here reveal profound diversity within the MM cell population, with respect to mechanosensory responsiveness.
